Herein, the oxidative ionic liquid (IL) pretreatment for overcoming recalcitrance of lignocellulose with selective delignification was investigated, and the subsequent enzymatic hydrolysis was evaluated. IL pretreatment incorporating oxygen delignification could enhance lignin extraction with high selectivity at low carbohydrate loss. The dual-action of oxidative decomposition and dissolution by 1-butyl-3-methlimidazolium chloride (BmimCl) on biomass were synergistically acted, accounting for efficient recalcitrance removal. In addition, the mild oxidative IL treatment only slightly converted crystalline cellulose into amorphous structure, and the extensive extraction of the amorphous lignin and carbohydrate resulted to the expose of cellulose with high susceptibility. Correspondingly, the enzymatic hydrolysis of the 
Introduction
The global foreseeable depletion of fossil fuel reserves and the growing environmental deterioration are attracting extensively scientific, economic and political concerns 
Experimental

Materials
All reagents used in experiments were of analytical grade and used without any further purification. BmimCl with purity of 99.0% was purchased from Shanghai Chengjie Chemicals, China. Commercial enzymes, cellulase (NS22086) and β-glucosidase (NS22118) were used as received from Novozymes A/S (Bagsvaerd, Denmark). Aspen (triploid of populus tomentosa), a typical hardwood in northern China (O u ) was chosen as lignocellulosic feedstock, which was harvested from Shandong Province, China and ground using a Wiley mill. The ground biomass was fractionated using a series of ISO standard sieves, and the fractions with size of 40~60 mesh were collected for this study. The samples were vacuum-dried at 45 ºC for 48 h to remove moisture prior to pretreatment. 
Where CrI u is crystallinity of the untreated lignocellulose, CrI p is crystallinity of the 9 pretreated lignocellulose, and SL is the solubility of the pretreatment. 
Results and Discussion
Delignification properties with different pretreatments
The dissolution of lignin in ILs has been intensively investigated for its robust structure and potential conversion to fuel and value-added chemicals, which mainly focused on design of novel ILs via combination various cations and anions. However, the high degree of polymerization, three-dimensional network structure together with the stable inter-unit covalent bonds make complete dissolution of lignin quite difficult to achieve. This study was to study selective and efficient delignification by oxidative IL pretreatment for efficient enzymatic hydrolysis, and delignification performance by different pretreatments were compared ( 
Analysis of molecular weight of lignin with different pretreatments
The molecular weight and the polydispersity of lignin in solid residuals after pretreatment were analyzed by GPC (Fig. 1) . Lignin comprises various phenylpropanoid units interlinked by carbon-carbon and ether linkages. For its highly heterogeneous branched three-dimensional network, the absolutely complete dissolution of amorphous lignin without breakage of inter-unit bonds was quite difficult to achieve. 
Change of carbohydrate with different pretreatments
Lignocellulose consists of compact crystalline and disordered amorphous cellulose, accompanying the amorphous hemicellulose and lignin localized at outer surface of the cellulosic fibril axis. For fuel production by microbial fermentation, the starting 14 materials are carbohydrate in lignocellulose including cellulose and hemicellulose.
However, when lignin was effectively extracted by pretreatment for recalcitrance removal of lignocellulose, simultaneous loss of carbohydrate would inevitably occur.
Especially, hemicellulose and amorphous cellulose were more susceptible for its low degree of polymerization and high accessibility. The carbohydrate in the original and pretreated lignocelluloses were analyzed ( Table 2 (Fig. 2) . In the O w process, the removal of crystalline cellulose was mainly attributed to oxidation and alkaline degradation, which resulted to glucose loss simultaneously. In the O n process, the removal of crystalline cellulose was due to breakage of hydrogen-bonds, whereas chloride anions would preferentially act on the amorphous domain of lignocellulose, and the amount of chloride ions used in the study may be not high enough for participating formation of electron donor-acceptor complex (EDA) with hydroxyls in the crystalline cellulose.
Therefore, removal of crystalline cellulose was non-significant in the O n process.
When the oxidative reactions incorporated into BmimCl treatment, the extraction Owing to extensive removal of the amorphous lignin and carbohydrate, ratio of the crystalline cellulose increased significantly, and crystallinity of cellulose increased and high removal of crystalline cellulose could be achieved (Fig. 2) . Oxidation degradation 
Enzymatic hydrolysis of lignocellulose with different pretreatments
As discussed above, the effective overcoming recalcitrance of lignocellulose could be achieved by the oxidative IL pretreatment, with extraction of lignin and breakage hydrogen-bond network in lignocellulose. Consequently, pretreatment on lignocellulose was favorable to its subsequent conversion, and the recalcitrance removal derived from the oxidative IL pretreatment was evaluated by enzymatic hydrolysis of the pretreated lignocelluloses (Fig. 3) . Compared to the original sample, glucose yield by enzymatic hydrolysis after the investigated pretreatments was enhanced with varying level.
Generally, the digestibility of lignocellulose would be substantially decreased in the presence of lignin, which could adsorb large amount of cellulase for its high affinity and present barrier that restricting accessibility of cellulose. Therefore, the improved kinetics of enzymatic hydrolysis was primarily ascribed to extraction of lignin. With delignification in the oxidative IL pretreatment increased, high susceptibility of the pretreated lignocellulose could be achieved. Besides, the accessibility of cellulose affects its digestibility. Cellulose is intrinsically resistant to enzyme attack and is further protected by the surrounding matrix of lignin and hemicellulose. The extraction of lignin and disruption of hydrogen bonds also facilitate adsorption of cellulase onto carbohydrate. Compared to the O ab pretreatment, hydrolysis rate after O nb pretreatment with hydrogen peroxide addition firstly was accelerated due to its high level of recalcitrance loss. However, the severe pretreatment also results to large quantity loss of carbohydrate, and the rate of glucose release was slower when incubation time was greater than 24 h. These results suggested that the oxidative IL pretreatment could selectively remove a fraction of the lignin and carbohydrate which presenting a physical barrier that restricting enzyme access to the cellulose substrate, and exert a particularly positive effect on enzymatic hydrolysis.
Conclusions
This study developed an efficient method to selectively extract lignin from lignocellulose using oxidative IL pretreatment at mild conditions. With oxidative IL pretreatment, hydrogen-bond network could be efficiently disrupted, and mass transfer could be promoted, whereby lignin depolymerization and extraction could be enhanced.
In contrast to the traditional oxygen-delignification process, delignification selectivity increased greatly using the oxidative IL process. The oxidative BmimCl pretreatment preferentially acted on amorphous domain leaving crystalline cellulose exposed with high susceptibility, correspondingly the subsequent enzymatic hydrolysis was improved.
The oxidative IL pretreatment with selective delignification offers an efficient environment-friendly method for recalcitrance removal of lignocellulose. Tables   Table 1 Pretreatment performance of lignocellulose with different methods   Table 2 The results of carbohydrate analysis of the original and pretreated lignocellulose (%) 
